Phytochromes are dimeric proteins that function as red and far-red light sensors influencing nearly every phase of the plant life cycle. Of the three major phytochrome families found in flowering plants, PHYTOCHROME C (PHYC) is the least understood. In Arabidopsis and rice, PHYC is unstable and functionally inactive unless it heterodimerizes with another phytochrome. However, when expressed in an Arabidopsis phy-null mutant, wheat PHYC forms signaling active homodimers that translocate into the nucleus in red light to mediate photomorphogenic responses. Tetraploid wheat plants homozygous for loss-of-function mutations in all PHYC copies (phyC AB ) flower on average 108 d later than wild-type plants under long days but only 19 d later under short days, indicating a strong interaction between PHYC and photoperiod. This interaction is further supported by the drastic down-regulation in the phyC AB mutant of the central photoperiod gene PHOTOPERIOD 1 (PPD1) and its downstream target FLOWERING LOCUS T1, which are required for the promotion of flowering under long days. These results implicate light-dependent, PHYC-mediated activation of PPD1 expression in the acceleration of wheat flowering under inductive long days. Plants homozygous for the phyC AB mutations also show altered profiles of circadian clock and clock-output genes, which may also contribute to the observed differences in heading time. Our results highlight important differences in the photoperiod pathways of the temperate grasses with those of well-studied model plant species. 
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development | flowering time | temperate cereals | TILLING | ethyl methane sulphonate P lants use several families of photoreceptors, including phytochromes, to optimize growth and development under different light environments. Plant phytochromes are dimeric proteins with covalently bound linear tetrapyrrole (bilin) chromophores that function as red/far-red photoreceptors (1) . Phytochromes are synthesized in a biologically inactive red lightabsorbing form (Pr) that is photoconverted into the biologically active far red-absorbing form (Pfr) upon exposure to red light. Exposure to far-red wavelengths reverses Pfr to Pr, resulting in a dynamic equilibrium in changing light environments. Phytochromes translocate into the nucleus following conversion to Pfr, where they regulate transcriptional signaling networks (2) (3) (4) (5) . Phytochromes also perform cytoplasmic regulatory roles that are less understood (6) .
Phytochromes are encoded by three genes (PHYA, PHYB, and PHYC) in most monocot species whereas eudicot plant species possess additional genes (PHYD-F) derived from PHYB duplications (7, 8) . Studies in model plant species have shown that PHYA is required for growth in deep shade and for seedling deetiolation (9) whereas members of the PHYB clade play major roles in shade-avoidance responses (10, 11) . Genetic studies implicate PHYC in regulatory functions during early seedling development and in shade-avoidance responses in both Arabidopsis and rice (12, 13) . Because phyC mutants of both species flower 2-3 wk earlier than wild type under noninductive photoperiods [i.e., short days (SD) for Arabidopsis and long days (LD) for rice] (13, 14) , PHYC appears to function as a flowering repressor under noninductive photoperiods in these two species.
In wheat and barley, the chromosome region encompassing PHYC has been associated with differences in flowering time under inductive LD photoperiods, but genetically linked loci have not been ruled out as candidate flowering time genes (15) (16) (17) (18) . In both species, PHYC is tightly linked to the VERNALIZATION 1 (VRN1) gene, a MADS-box meristem identity gene similar to Arabidopsis APETALA1, which promotes the vegetative-toreproductive transition of the shoot apical meristem (19) (20) (21) . A deletion encompassing PHYC, VRN1, and other linked genes was previously detected in a nonflowering radiation mutant in diploid wheat (Triticum monococcum L.), designated maintained vegetative phase (mvp) (15, 18) . The inability of this mutant to flower was initially attributed to the deletion of VRN1 (15, 22) . However, a recent study of vrn1 knockout mutants in tetraploid wheat established that VRN1 is not essential for wheat flowering (21),
Significance
Plants perceive day length as a critical environmental signal to trigger major changes in development. Multiple light sensors participate in day-length perception, the most important of which are the red/far-red phytochromes. In rice and Arabidopsis, PHYTOCHROME C (PHYC) requires other phytochromes for stability and function. By contrast, wheat PHYC is stable and functionally active even in the absence of other phytochromes. The loss of functional wheat PHYC results in altered expression of circadian clock and photoperiod genes and a dramatic delay in flowering under long days, indicating that PHYC promotes wheat flowering under inductive photoperiods. Our results provide an additional entry point to modify wheat flowering and to accelerate the development of wheat varieties better adapted to new and changing environments.
raising the possibility that the PHYC deletion is responsible for the nonflowering phenotype of the mvp mutant.
Phenotypic data of phyC mutants do not distinguish between "direct" or "indirect" roles of PHYC to modulate activities of other phytochromes. Indeed, PHYC is unstable in the absence of PHYB clade members with which it heterodimerizes in both model plant species Arabidopsis and rice (13, 23) . We show here that wheat PHYC not only can form homodimers that translocate into nuclei of transgenic phy-null Arabidopsis seedlings (24) , but also can mediate photomorphogenic responses in the absence of other phytochromes. We also establish that PHYC is required for acceleration of wheat flowering under inductive LD, a response mediated by light-dependent activation of the photoperiod gene PHOTOPERIOD 1 (PPD1) and its downstream target FLOWERING LOCUS T1 (FT1) (25) . Wheat FT1 is a homolog of Arabidopsis FT and rice HD3A genes, which encode mobile proteins critical for the transmission of day-length signals from leaves to the shoot apical meristem (26, 27) . Our studies also reveal a regulatory role of wheat PHYC on the circadian clock, which highlights the differences between the photoperiod sensing pathways of the temperate grass species and those of the two best-known model plant species.
Results

Loss-of-Function Mutations for PHYC Have a Strong Effect on Wheat
Flowering. The tetraploid wheat variety Kronos (Triticum turgidum L., 2n = 28, genomes AABB) used in this study has a spring growth habit (Vrn-A1c allele) and shows accelerated flowering under LD photoperiods (Ppd-A1a allele) (Materials and Methods). We obtained full-length genomic sequences of both PHYC homeologs (PHYC A = KF859916 and PHYC B = KF859917) from Kronos, using primers described in SI Appendix, Table S1 , and then developed genome-specific primers (SI Appendix, Table S2 ) to screen a Kronos mutant population (28) . We identified 42 mutations resulting either in truncations or amino acid changes in both A-and B-genome copies of PHYC (SI Appendix, Table S3 ). Mutant T4-2327 for the A genome copy (henceforth, phyC A ) and mutant T4-807 for the B genome copy (henceforth, phyC B ) were selected for the present study (SI Appendix, Table S3 ).
The selected phyC A mutation disrupts the donor splice site at the end of exon 2 and generates a premature stop codon. The protein encoded by this mutant is predicted to lack the last 179 amino acids of the C-terminal region (Fig. 1A) known to be critical for phytochrome dimerization (23, 29) . The truncated PHYC A protein does not form homodimers in yeast two-hybrid assays (SI Appendix, Fig. S1A ) nor could be detected by immunoblot analysis (SI Appendix, Fig. S1B ), implying its instability in vivo. The selected phyC B mutant encodes a protein with a substitution of a cysteine ("C") residue in the GAF domain (C323Y) (Fig. 1A) that is required for bilin chromophore binding (1) . We confirmed that the protein encoded by the phyC B mutant allele is not photoactive (SI Appendix, Fig. S1C ) using an Escherichia coli system engineered for coproduction of its phytochromobilin (PΦB) chromophore (30) .
Under inductive LD photoperiods, plants homozygous for the phyC A mutation flower at the same time as wild-type Kronos whereas those homozygous for the phyC B mutation flower 8 d later (P < 0.0001) (Fig. 1B) ) show altered spike and spikelet development, reduced grain set, and elongated rachises, glumes, and glume awns (SI Appendix, Fig. S3 and Table S6 ). Seedlings carrying the phyC AB mutations show a significant increase in coleoptile length under red light (∼10% increase, P = 0.0002) (SI Appendix, Table S7 ), indicating a mild impairment in red light-mediated photomorphogenesis. No significant differences in coleoptile length between these two alleles were detected in the dark or under continuous blue or far red light (SI Appendix, Table S7 ).
More importantly, flowering of the phyC AB mutant is dramatically delayed under inductive LD photoperiods (average 108 d, P < 0.0001) ( Fig. 1 C and D) . Flowering is also delayed under noninductive SD, but the effect is fivefold smaller than under LD (average 19 d, P < 0.0001) (Fig. 1D) , suggesting the existence of an interaction between PHYC and photoperiod on heading time. The significance of this interaction was confirmed in a factorial ANOVA (P < 0.0001). Interestingly, the phyC AB mutant flowered 18 d earlier under SD than under LD (Fig. 1D) , suggesting that, at least for this particular genotype (Ppd-A1a allele), wheat plants with nonfunctional PHYC alleles behave like an SD plant.
Wheat PHYC Protein Can Form Homodimers and Restore Photomorphogenic Responses in an Arabidopsis phy-Null Mutant. The strong effect of the wheat phyC AB mutants on flowering time relative to the milder effects of phyC mutants in Arabidopsis and rice prompted us to examine wheat PHYC using biochemical approaches. In Arabidopsis and rice, PHYC function requires the presence of PHYB-clade members because the PHYC protein is degraded in their absence (13, 14, 23, 24) . Yeast two-hybrid assays show that wheat PHYC can form heterodimers with wheat PHYB (SI Appendix, Fig. S4A ), an interaction previously shown in Arabidopsis and rice. Unexpectedly, wheat PHYC also can form homodimers, an interaction not observed when Arabidopsis PHYC is used as control ( Fig. 2A and primers in SI Appendix, Table S8 ). The C terminus of the wheat PHYC protein shows the strongest homodimeric interaction ( Fig. 2A) , consistent with the known role of the C-terminal region in phytochrome dimerization (23, 29) . Using split luciferase assays in rice protoplasts, we also observed that wheat PHYC is able to form homodimers (SI Appendix, Fig. S4B ). Although the presence of PHYC homodimers in wheat plants has not been confirmed, the higher transcript level of PHYC relative to PHYB (SI Appendix, Fig. S5 ) (10-fold difference) suggests a good probability for the presence of such homodimers in wheat plants.
We next examined the ability of wheat PHYC to form homodimers in planta by constitutive expression of a transgene encoding a FLAG-tagged T. monococcum PHYC (TmPHYC-FLAG) (SI Appendix, Table S9 ) in an Arabidopsis phyABCDE mutant lacking all phytochromes (24) . Native immunoblot analysis of soluble protein extracts from these transgenic plants grown under continuous light reveals a 260-kDa band consistent with a TmPHYC-FLAG dimer (Fig. 2B ). By comparison, both monomer and dimer forms of TmPHYC are detected in protein extracts of dark-grown seedlings (Fig. 2B ). These observations suggest that TmPHYC dimer formation and/or TmPHYC monomer stability might be modulated by light in planta.
To further assess the localization and biological activity of wheat PHYC in planta, we transformed Arabidopsis phyABCDEnull mutant with TmPHYC fused to the red fluorescent protein DsRED (TmPHYC-DsRED). As a control, we transformed the same Arabidopsis mutant with a similar fusion between Arabidopsis PHYC and DsRED (AtPHYC-DsRED). Although undetectable in dark-grown seedlings, TmPHYC-DsRED could be detected as small fluorescent nuclear bodies after 4 h exposure to red light (Fig. 2C ). Larger nuclear bodies were detected after longer light exposure and in seedlings grown in continuous light (Fig. 2C ). Such nuclear bodies are similar to those observed in light-grown Arabidopsis plants transformed with AtPHYB-GFP (31). By contrast, no nuclear bodies are observed in the control plants transformed with the Arabidopsis AtPHYC-DsRED construct (SI Appendix, Fig. S6 ). This result is consistent with previous observations that AtPHYC is unstable in the absence of other phytochromes (23, 24) .
Arabidopsis phyABCDE seedlings grown for 5 d under continuous red light are phenotypically similar to etiolated wildtype seedlings grown in the dark (Fig. 2D) (24) . However, transformation of Arabidopsis phyABCDE-null mutant with TmPHYC-DsRED partially restored cotyledon opening and greening ( Fig. 2D ). Neither the presence of the wild-type Arabidopsis PHYC allele (24) nor overexpression of AtPHYCDsRED could alter the etiolated phenotype of the phyABCDEnull mutant (Fig. 2D ). Taken together, these results indicate that wheat PHYC can translocate into the Arabidopsis nucleus and mediate photomorphogenesis in the absence of other phytochromes.
Wheat phyC AB Mutants Show Altered Expression Profiles of Photoperiod and Clock Genes. To establish the regulatory role of wheat PHYC in the photoperiodic flowering pathway, we examined the expression of key flowering regulators. Late flowering of wheat phyC AB double mutant under LD correlates with a drastic reduction in transcript levels of the photoperiod genes PPD1 and FT1 (Fig. 3 ). Both genes are also slightly, but significantly, down-regulated in the phyC B single mutant (SI Appendix, Fig. S2 B and C). In wild-type wheat, PPD1 and FT1 transcripts show diurnal cycles under LD and continuous light (LL), which disappear under continuous darkness (Fig. 3) . In phyC AB plants, by contrast, PPD1 and FT1 transcripts exhibit reduced transcript levels both in the presence and absence of light ( Fig. 3 ) (LD and LL). These results indicate that light and PHYC are both required for transcriptional activation of PPD1 and its downstream target FT1.
To test whether increased transcript levels of FT1 compensate for the flowering delay associated with the phyC AB mutants, the phyC AB mutation and an FT1 allele from the hexaploid wheat variety Hope (henceforth FT1 HOPE ) were combined by three backcrosses into Kronos. The FT1 HOPE allele has a repetitive element in the promoter region that is associated with higher FT1 transcript level than that of the wild-type allele, under both LD and SD photoperiods (32, 33) . Indeed, wild-type and phyC Fig. S7C ). Although the FT1 HOPE allele compensates poorly for the delayed flowering of the phyC AB mutant, these results suggest that the difference in FT1 expression contributes to the flowering phenotype of the phyC AB mutants (Discussion). PPD1, also known as PRR37 in other grass species, is a member of the PSEUDO RESPONSE REGULATOR (PRR) gene family (25) , which includes the clock genes PRR73, PRR59,
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Although all of these PRR genes oscillate with a ∼24-h period in the light, upon transfer to continuous darkness, circadian oscillations are observed for all PRR genes except PPD1 ( Fig. 3 and SI Appendix, Fig. S8 ). All of these PRR genes, as well as other important components of the circadian clock (e.g., CIRCADIAN CLOCK ASSOCIATED1 (CCA1) and GIGANTEA (GI)) show significant differences in their oscillation profiles between wildtype and phyC AB mutant plants (SI Appendix, Fig. S8 A and C) (34). Clock-output genes CO1 and CO2, the wheat homologs of Arabidopsis photoperiod gene CONSTANS (CO), also exhibit altered transcriptional profiles in the phyC AB mutant. Transcript levels of CO1 are significantly higher in the phyC AB mutant than in the wild type for most sampling points during long-day and continuous-light experiments (SI Appendix, Fig. S8D ). By contrast, only a small phase shift of CO2 transcript oscillation is observed in the phyC AB mutant (SI Appendix, Fig. S8E ).
Discussion
Wheat PHYC Encodes Dark-Stable Monomers and Signaling Active
Homodimers in the Light. Rice and Arabidopsis PHYC proteins do not form stable homodimers and are degraded in the absence of PHYB-clade partners (13, 14, 23, 24) . By contrast, wheat PHYC is able to form stable homodimers in yeast, in rice protoplasts, and in transgenic phyABCDE Arabidopsis mutant plants devoid of endogenous phytochromes. In the latter, we detected both PHYC monomers and homodimers in darkness (Fig. 2B ) but mainly homodimers in the light, which implies that the balance between these two forms of PHYC may be dynamically modulated by light in planta. The relative expression levels of PHYC and PHYB is an additional factor that may contribute to distinct signaling activity of PHYC in wheat and the two model plant species. Our studies show that the level of wheat PHYC expression is >10-fold higher than that of PHYB (SI Appendix, Fig. S5 ). In Arabidopsis, PHYC expression is considerably lower than that of PHYB: a result that has been corroborated at the protein level (35) . By comparison, expression levels of PHYB and PHYC genes are more similar in rice (www.ncbi.nlm.nih.gov/geo; accession no. GSE36320). These expression differences are expected to alter the relative abundance of PHYB and PHYC proteins, thereby altering the accumulation of PHYB:PHYC heterodimers and PHYB:PHYB homodimers in the three plant species. Therefore, the effects of the loss of PHYC on PHYB signaling may be responsible in part for the different phenotypes of the phyC mutants in the three plant species. Additional studies are necessary to resolve the contributions of PHYC monomers, PHYC homodimers, PHYB: PHYC heterodimers, and/or PHYB homodimers to the flowering behavior of wheat.
We cannot rule out an unexpected function of mutant PHYC proteins to alter flowering time in wheat because the PHYC B mutant protein does accumulate to wild-type levels (SI Appendix, Fig. S1B ). We disfavor this hypothesis because the phyC B mutant flowers only a few days later than the wild type whereas the phyC AB double mutant exhibits a drastic delay to flower. Given that the PHYC A truncated protein is undetectable in phyC AB immunoblots (SI Appendix, Fig. S1B ), the large delay in flowering of phyC AB relative to phyC B under LD is more consistent with the lack of a functional PHYC protein than with the gain-of-function activities of mutant PHYC B proteins.
Variation in PHYC Correlates Well with Differences in Flowering Time.
The modest effect of the single phyC A and phyC B mutations on heading time contrasts with the large flowering delay observed in the phyC AB double mutant and suggests that the two wheat PHYC homeologs have redundant functions. However, the stronger effect of phyC B relative to phyC A on flowering time indicates some degree of functional differentiation. Extensive sequence variation has been described in the A-genome copy of PHYC A in hexaploid wheat, but very little is known about the natural variation in the other wheat PHYC homeologs (36) . Given the stronger effect of PHYC B on wheat flowering time, it is important to test whether its natural variation is associated with wheat adaptation to different latitudes or light environments. Indeed, allelic variation in PHYC is strongly associated with natural variation in flowering time for both Arabidopsis (37) and pearl millet (38) . These results suggest that PHYC plays important roles in the adaptation of flowering plants to changing seasonal photoperiod.
Recently, a barley hyperfunctional PHYC allele has been linked to increased FT1 abundance and accelerated flowering under inductive LD, but not under noninductive SD (16) . Differences in heading time between plants carrying the hyperfunctional and wild-type PHYC alleles were suppressed by introgression of a highly expressed FT1 allele (16) . This result is similar to the reduced differences in heading time observed in this study between wheat wild type and phyC AB mutants in the presence of the stronger FT1 HOPE allele (SI Appendix, Fig. S7 ). However, differences in PPD1, GI, and CO1 transcript levels between the wild-type and phyC AB mutant observed in our study ( Fig. 3 and SI Appendix, Fig. S8) were not significant in the barley study (16) . This difference is not surprising because wheat Asterisks indicate significant differences in t tests between wild type and phyC AB at each time point (*P < 0.05, **P < 0.01, and ***P < 0.001).
phyC AB mutants have no functional PHYC proteins whereas both barley alleles encode functional proteins.
The strong down-regulation of FT1 in the wheat phyC AB mutants is in good agreement with the undetectable level of FT1 reported for T. monococcum mvp mutants, which have a large deletion encompassing both PHYC and VRN1 genes (15, 18) . The mvp mutants also have a complete deletion of VRN2, which led Shimada et al. (22) to hypothesize that the down-regulation of FT1 in this mutant was caused by the deletion of VRN1. However, a subsequent study in tetraploid wheat showed that plants carrying nonfunctional copies of VRN1 and VRN2 (but normal PHYC alleles) flower as early as some spring wheats (65 d after sowing) and have high levels of FT1 expression (21) . By contrast, we show that loss-of-function mutations in PHYC are sufficient to down-regulate FT1 to almost undetectable levels (Fig. 3E) . Taken together, these results suggest that the downregulation of FT1 in the mvp mutants is more likely caused by the deletion of PHYC than by the deletion of VRN1. However, the nonflowering phenotype of the mvp mutant cannot be explained solely by the deletion of PHYC because the phyC AB mutant in Kronos eventually flowers. The nonflowering phenotype of the mvp mutant may be caused by the simultaneous deletion of PHYC and VRN1 or, alternatively, by the deletion of additional genes located inside the large deletion present in the mvp mutant (e.g., the MADS-box gene AGLG1) (18) .
PHYC Is Involved in the Transcriptional Regulation of both
Photoperiod and Clock Genes. Most of the natural variation in photoperiod sensitivity in wheat and barley is associated with mutations in PPD1, which is considered to be the central photoperiod gene in both species (25, (39) (40) (41) . Hexaploid wheat plants carrying nonfunctional alleles of all three PPD1 homeologs flower almost 1 mo later than their wild-type sibling lines, a result that confirms the critical role of PPD1 in the acceleration of wheat flowering under LD (42) . Therefore, the significant down-regulation of PPD1 in the phyC AB plants (Fig. 3 and SI Appendix, Fig. S7D ) is likely to contribute to their late flowering phenotype. Our expression data show that wheat PPD1 transcription requires light because its transcript levels and circadian oscillations are both strongly attenuated in continuous darkness (Fig. 3) . PPD1 expression also requires PHYC because PPD1 transcript levels in phyC AB mutant plants grown under LD or LL are reduced to levels similar to those observed in wild-type plants grown in continuous darkness (Fig. 3) . Taken together, these results suggest that the transcriptional activation of PPD1 by light is mediated by PHYC.
Down-regulation of PPD1 is the most likely cause of the drastic reduction of FT1 transcript levels in the phyC AB plants (Fig. 3) because a similar down-regulation of FT1 is observed in the ppd1-null hexaploid wheat plants (42) . Mutations in both FT1 homologs in Kronos also delay flowering by 25 d under LD (43); thus, down-regulation of FT1 in the phyC AB Kronos mutant contributes to its late flowering. This hypothesis is supported by the smaller difference in heading time between phyC AB mutant and wild-type alleles in the presence of the FT1 HOPE allele than in the presence of the FT wild-type alleles. However, even in the presence of the stronger FT1 HOPE allele, FT1 transcript levels in the phyC AB mutant are still 100-fold lower than those in the wild type, accounting for their late flowering time (SI Appendix, Fig. S7 ). This last result suggests that the insertion of the repetitive element in the promoter of the FT1 HOPE allele is unable to fully compensate for the low expression of PPD1 in the phyC AB mutant. The delay in heading time observed in the tetraploid phyC AB mutant under LD is more than threefold longer than that observed in the triple ppd1-null mutant in hexaploid wheat (42) and that reported for the FT1 mutants in tetraploid Kronos (43) . This result suggests that additional genes regulated by PHYC contribute to early flowering of wheat under LD. Indeed, our expression data show that the phyC AB mutant has altered expression profiles of circadian clock genes ( Fig. 3 and SI Appendix, Fig. S8 ), which are known to regulate a large number of plant genes (44) . Thus, misexpression of multiple clock-output genes may also contribute to the delayed flowering of the phyC AB mutant under LD. Transcriptional changes of the clock genes observed in the phyC AB mutant are independent of the downregulation of PPD1 because no consistent changes in the transcription profiles of the same clock genes have been observed in ppd1 mutants of barley or wheat (45, 46) .
Among circadian clock output genes, CO1 and CO2 are of particular interest due to the central role of the Arabidopsis (CO) and rice homolog (HD1) on photoperiodic regulation of flowering time (47, 48) . Direct comparison of CO1 and CO2 with CO-related proteins in other species is complicated by duplication of these genes in the Triticeae lineage (49) and by limited functional information. However, we observed that CO1 and CO2 transcription profiles are altered in the phyC AB mutant relative to the wild type (SI Appendix, Fig. S8 ). Because neither CO1 nor CO2 is fully down-regulated in continuous darkness (SI Appendix, Fig. S9 ), PHYC-regulation of both genes appears to be independent of its regulation of PPD1 (Fig. 4) .
Previous studies suggest that CO1 and CO2 play some role in the regulation of flowering time in the temperate cereals. Transgenic expression of a genomic copy of wheat CO2 in a rice hd1 (= co) mutant restores HD1 function, accelerating heading time under SD and delaying it under LD (50) . This complementation study indicates that wheat CO2 encodes a functional protein that shares common structure and function with rice HD1 (50) . Overexpression of barley CO1 in barley results in accelerated flowering time under LD (51), suggesting that CO1 promotes flowering. However, CO overexpression results should be interpreted with caution because overexpression of HD1 in rice results in delayed flowering time under SD even though this gene naturally works as a flowering promoter under SD (52) . These conflicting results suggest that a precise spatial and/or temporal expression of CO homologs and/or a precise balance of their relative protein levels with other partners are required for their characteristic functions in different species.
PHYC Plays Distinct Roles in the Regulation of Flowering Time in
Different Plant Species. The external coincidence model postulates that the convergence of external light signals and internal clock oscillations is required to measure day length (53) . In Arabidopsis, the induction of FT by CO occurs only under LD, when a transcriptional peak in CO circadian rhythm coincides with the external exposure to light, which is required to stabilize the CO protein (54, 55) . In rice, expression of HD1 (= CO) is also under the control of the circadian clock (56) . Changes in the external coincidence of the circadian peaks of HD1 expression with light-activated Pfr forms of PHYB or PHYC contribute to the seasonal photoperiod responses in rice (52, 56) . The essential role of phytochromes in the perception of day length in rice is well established by the complete loss of photoperiodic response in the photoperiodic sensitivity 5 (se5) mutant that lacks all photoreversible phytochromes (57) .
We show here that circadian clock and external light signals also converge to regulate transcript abundance of the wheat photoperiod gene PPD1 (Fig. 3) . A similar convergence has been described in the regulation of the sorghum PPD1 homolog PRR37 (= Ma 1 ), a gene that has a large impact on sorghum flowering time and has been critical for the early domestication and dispersal of this species (58) . Mutations in PPD1/PRR37 are associated with photoperiod insensitivity genotypes both in sorghum and wheat, suggesting that this gene is critical for the perception of day-length differences in different grass species. In rice, natural variation in PRR37 also contributes to differences in photoperiodic response and to its ability to grow in a wide range of latitudes (59) . The duplication that originated PRR37 and PRR73 in the grasses is independent of the duplication that generated PRR3 and PRR7 genes in Arabidopsis (60). Thus, subfunctionalization of PRR37 into a photoperiod gene probably occurred in the grass lineage after their separation from the eudicots, which may explain why this second photoperiod pathway has not been detected in Arabidopsis (60) .
Plants that flower earlier when day length exceeds a critical photoperiod are classified as LD plants (e.g., Arabidopsis and wheat) whereas those that flower earlier when day lengths are less than a critical photoperiod are classified as SD plants (e.g., rice and sorghum). Differences between these two classes are mainly determined by signal reversals of the photoperiod genes on the regulation of FT/HD3A. Under LD, CO/HD1 acts as a promoter of FT and flowering in Arabidopsis (47) but as a suppressor of HD3A and flowering in rice (56, 61, 62) . Similarly, PPD1/PRR37 induces FT1 and accelerates flowering in barley and wheat (25, 42) but suppresses FT and delays flowering in sorghum and rice (58, 59 ). This signal reversal in PPD1/PRR37 may explain why phyC mutations accelerate flowering under LD in rice (13) but delay flowering in wheat (Fig. 1) . The role of PHYC also differs between wheat and Arabidopsis under noninductive SD photoperiod. Under this condition, a nonfunctional PHYC mutation accelerates flowering in Arabidopsis by 22.5 d (14) but delays flowering in Kronos by 18 d (Fig. 1D) . Because the Ppd-A1a allele present in Kronos is misexpressed under SD (41), it would be interesting to test whether this difference is maintained in a Kronos isogenic line carrying the wild-type PpdA1b allele. Taken together, these comparative analyses underscore the plasticity of plant flowering pathways, which have evolved to optimize reproduction under a wide range of photoperiods and temperatures.
A Model for the PHYC-Mediated Regulation of Flowering in Wheat and Future Directions. To integrate the results from this study into the current knowledge of the regulation of wheat flowering time under LD, we propose a hypothetical model that is described in detail in Fig. 4 . This model highlights the central role of PHYC in the light activation of PPD1 and FT1 under LD. It also describes additional roles of PHYC on the regulation of the circadian clock ( Fig. 3 and SI Appendix, Fig. S8 ) and on the light activation of the vernalization gene VRN2, a homolog of rice LD-flowering repressor Ghd7 (63) (SI Appendix, Fig. S11 ).
This model also identifies areas that require additional research. The relative contribution of wheat PHYC and PHYB homo-and heterodimers to the observed differences in flowering remains an important unanswered question. The possible effects of PHYC on the stability of proteins encoded by photoperiod and circadian clock genes and on the specific roles of clock output genes CO1 and CO 2 in the regulation of wheat flowering remain important questions for future studies.
The central question that remains unanswered is how PHYC contributes to the perception of day length. Because Pfr slowly reverts to the Pr form in the absence of light ("dark reversion"), it has been argued to function as a sand timer to measure the length of the night period (64) . Dark reversion also provides the means for light and temperature signals to be integrated. It is also possible that the perception of day length via the external coincidence mechanism is controlled by a gene regulated by PHYC (e.g., PPD1). Despite the pending questions, the discovery of the central role of PHYC in the regulation of the photoperiod response in wheat improves our understanding of reproductive development in this economically important species. A detailed characterization of the gene networks that regulate wheat flowering will accelerate the development of wheat varieties better adapted to new and changing environments.
Materials and Methods
Materials. The tetraploid wheat variety Kronos used in this study has a spring growth habit determined by the Vrn-A1c allele. This allele has a large deletion in the first intron (65) (59) and sorghum (58, 70) , and a similar model is proposed here for wheat. We propose that light-activated Pfr forms of PHYC (homo-or heterodimers) operate upstream of these three different pathways, identified with the letters A to D. (Pathway A) The central pathway, indicated by thicker arrows, has the largest effect on the acceleration of flowering under LD. The PHYC-mediated light activation of PPD1 results in the convergence of light and circadian clock signals in the transcriptional regulation of PPD1, which is critical for measurement of day length, according to the external coincidence model (blue arrow). Under LD, PPD1/PRR37 up-regulates FT1 in barley and wheat (25) but down-regulates FT homologs in rice and sorghum (58, 59) . Upregulation of FT1 in wheat is associated with the up-regulation of FT2 (43, 71) , which also promotes flowering (72) . (Pathway B) PHYC also modulates the expression of circadian clock and clock output genes CO1 and CO2. The role of these genes on wheat flowering is still not well understood, but the Arabidopsis (CO) and rice (HD1) homologs are involved in the photoperiodic regulation of FT (47, 48) . Tentatively, a similar role is hypothesized in wheat (dotted blue arrow). (Pathways A and B) PPD1 mutations in wheat affect CO1 transcription suggesting a crosstalk between the A and B pathways (either directly or indirectly through a feedback effect of FT1, dotted black lines) (42, 45) . (Pathway C) VRN2 is a long-day repressor of FT1 that prevents flowering in the fall (73, 74) . VRN2 is transcribed only in the light (18) and is down-regulated in the presence of the phyC B mutation (P < 0.0001) (SI Appendix, Fig. S11 ), which suggests that the light activation of VRN2 transcription is mediated by PHYC. This hypothesis is further supported by the drastic down-regulation of VRN2 transcription in the mvp mutants with a deleted PHYC gene (18) . VRN2 and PPD1 compete for the activation of FT1, but the repressing effect of VRN2 is epistatic to the promoting effect of PPD1, preventing flowering in the fall. Long exposures to cold temperatures during the winter (vernalization) result in the up-regulation of VRN1 in both apices and leaves (19, 75) . In the apex, VRN1 initiates the transition of the shoot apical meristem to the reproductive stage whereas, in the leaves, it acts as a transcriptional repressor of VRN2 (21). The down-regulation of VRN2 results in the up-regulation of FT1 by PPD1 and the acceleration of flowering during the longer days of spring. The up-regulation of FT1 in the leaves further induces VRN1 (71), closing a positive feedback loop that accelerates flowering under LD (21, 76) . (Pathway D) In the apex, FT1 induces VRN1 transcription and gibberellin biosynthesis and accumulation (33) . The simultaneous presence of gibberellin and VRN1 results in the up-regulation of SOC1-1 and LFY, which are required for normal wheat-spike development. The regulation of gibberellin biosynthesis in the apex by FT1 acts as a secondary LD regulatory point (33) . requirement (65) . In addition, Kronos carries the dominant Ppd-A1a allele, which has a 1,027-bp deletion in the promoter region that is not present in the wild-type Ppd-A1b allele. Previous studies have shown that, under SD, the presence of the Ppd-A1a allele is associated with significantly higher levels of PPD1 expression in the dark and early morning, and with 30-40 d acceleration of flowering relative to the Ppd-A1b allele (41) . The Ppd-A1a allele is referred to in the wheat literature as "photoperiod-insensitive" because the accelerated flowering under SD reduces the differences between LD and SD relative to the "photoperiod-sensitive" Ppd-A1b allele. However, Kronos plants carrying the Ppd-A1a allele flower more than 40 d earlier when grown under LD than when grown under SD, demonstrating that plants carrying the Ppd-A1a allele are still photoperiod-sensitive. Under LD, the differences in heading time between the Ppd-A1a and Ppd-A1b alleles are very small, both in a wild-type Kronos and in a phyC AB mutant background (SI Appendix, Fig. S10 ).
Mutant Screen. A TILLING (for Targeting Local Lesions IN Genomes) population of 1,368 lines of the tetraploid wheat cultivar "Kronos" mutagenized with ethyl methane sulphonate (EMS) (28) was screened for mutations in the A and B genome copies of PHYC using genome-specific primers described in SI Appendix, Table S1 . We selected PHYC A mutant T4-2327 and PHYC B mutant T4-807 (SI Appendix, Table S3 and Fig. S1 ), backcrossed them for two generations to Kronos to reduce background mutations, and combined the two loss-of-function mutations in the phyC AB double mutant. The morphological characterization of the mutants is described in SI Appendix, SI Materials and Methods and Table S6 .
qRT-PCR. RNA samples were extracted from leaves using the Spectrum Plant Total RNA Kit (Sigma-Aldrich). Quantitative PCR was performed using SYBR Green and a 7500 Fast Real-Time PCR system (Applied Biosystems). ACTIN was used as an endogenous control. Primers and their efficiency are listed in SI Appendix, Table S5 . qRT-PCR primers were designed in exon junctions to avoid genomic DNA amplification. Transcript levels for all genes and experiments presented in this study are expressed as linearized fold-ACTIN levels calculated by the formula 2 (ACTIN CT -TARGET CT) ± SE of the mean. The resulting number indicates the ratio between the initial number of molecules of the target gene and the number of molecules of ACTIN. Therefore, the Y scales are comparable across genes and experiments.
Yeast Two-Hybrid Assays. Yeast vectors pGBKT7 and pGADT7 (Clontech) were used for all constructs. Yeast strain Y2H Gold was used in the yeast two-hybrid (Y2H) assays. Full-length PHYC from T. monococcum (TmPHYC), the N-terminal coding region (N-TmPHYC, amino acids 1-600 including the PAS, GAF, and PHY domains), and the C-terminal coding region (C-TmPHYC, amino acids 601-1139, including two PAS and the histidine kinase-like ATPase domains) were cloned into pGBKT7 and pGADT7 vectors between restriction sites NdeI and XmaI, using primers listed in SI Appendix, Table S8 . The C-terminal coding region of the Arabidopsis PHYC (C-AtPHYC, amino acids 601-1111, GenBank accession no. AED94021.1) was cloned from the Columbia ecotype and inserted into pGBKT7 and pGADT7 linearized with NdeI and XmaI restriction enzymes. The full-length TmPHYB coding region from T. monococcum was cloned into pGADT7 between restriction sites EcoRI and SpeI. All constructs were verified by DNA sequencing.
Transformation of an Arabidopsis phy-Null Mutant with Wheat PHYC. To study wheat PHYC protein in the absence of other phytochromes, we generated a TmPHYC-FLAG fusion by adding a 3xFLAG tag (Sigma-Aldrich) to the C terminus of the complete coding region of PHYC from diploid wheat T. monococcum accession DV92. The sequence encoding the TmPHYC-FLAG fusion was then inserted downstream of the CaMV35S promoter between restriction sites XbaI and SacI of the binary vector pGWB14 (66) (primers used in construct generation are listed in SI Appendix, Table S9 ). We transformed this 35S::TmPHYC-FLAG construct into an Arabidopsis phy-null mutant with no active phytochromes (phyABCDE) (24) using the floral dip method (67) .
To study the subcellular localization of wheat PHYC in planta, we fused the fluorescent protein DsRED (68) to the C terminus of the full-length wheat TmPHYC protein (primers used to generate the constructs are listed in SI Appendix, Table S9 ) and transformed it into the Arabidopsis phyABCDE mutant (24) . Arabidopsis transgenic plants transformed with the 35S:: TmPHYC-DsRED construct were analyzed using an Olympus FV1000 confocal laser-scanning microscope. Excitation and emission wavelengths were 543 nm and 580 nm, respectively. To study the dynamics of the light-induced nuclear import and nuclear body formation of the wheat PHYC, we grew the transgenic Arabidopsis plants in the dark for 5 d and then exposed the etiolated plants to 50 Native Electrophoresis, Immunoblots, and Antibodies. Total protein was extracted from fresh dark-or light-grown 10-d-old Arabidopsis seedlings as described before (69) . Proteins samples were separated on 4-15% gradient TGX gels (Bio-Rad) in native PAGE buffer (25 mM Tris, 192 mM glycine) for 40 h at 4°C, blotted to polyvinylidene difluoride (PVDF) membrane, and hybridized with Anti-FLAG antibody (Sigma) at a dilution of 1:1,000. A second antibody against rice PHYC (Anti-OsPhyC) (13) was also used for native Western blot analysis at a dilution of 1:1,500. Chemiluminescent detection of primary antibodies was performed with horseradish peroxidase-conjugated secondary antibody and ECL detection reagents (GE Healthcare) and captured by ChemiDoc-It imager (UVP).
